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ABSTRACT
I. KINETICS AND THERMODYNAMICS OF OLEFIN METATHESIS
POLYMERIZATION
II. ANIONIC ADDITIONS OF POLYSTYRENE TO SURFACES OF
POLY(CHLOROTRIFLUOROETHYLENE)
September 1988
Penelope A. Patton, B.S., North Carolina State University
M.S., North Carolina State University
Ph.D., University of Massachusetts
Directed by: Professors T. J. McCarthy and C. P. Lillya
The identity of the pertinent kinetic species in olefin metathesis by WCl6/SnMe4 was
determined, using competitive kinetic polymerizations, to be the metal carbene-
complexed olefin. The ease with which the olefin can complex the metal determines its
reactivity. Using this knowledge, and thoughtful examination of reaction
thermodynamics, metathesis products were obtained from cyclohexene, both as
homooligomers, and copolymers with norbornene.
Polystyrene was anionically grafted to surfaces of poly(chlorotrifluoroethylene) films.
The effects of temperature, reaction time, anion concentration, solvent, and the nature
of the anion on reaction kinetics, and the nature of the product were determined. It was
found that grafting, in the presence of solvent, facilitated considerable reorganization
and dissolution of film surfaces, the extent of either of which varied with solvent.
Films were characterized using UV/Vis, ESCA, gravimetric analysis, and contact angle
measurements.
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S PART I.
KINETICS AND THERMODYNAMICS OF OLEFIN METATHESIS
POLYMERIZATION
CHAPTER 1
INTRODUCTION
The Reaction Mechanism
To achieve rational control over a chemical reaction it is advantageous to know
as much as possible about the mechanism of the reaction, and kinetic and
thermodynamic factors which control it. A reaction's potential cannot be realized until
it is thoroughly understood. Olefin metathesis exemplifies a chemical reaction for
which the mechanism is only generally understood; many of its finer mechanistic details
are still unknown and consequently it has been little exploited as a synthetic tool.
The olefin metathesis reaction was first reported in the early 1960's 1 -2 . It was
observed that certain transition metal alkyls (typically alkyls of tungsten, molybdenum,
and rhenium) catalyze a "disproportionation" of olefins. The products obtained
appeared as if the starting olefins had been cleaved through their double bonds and the
fragments had recombined in a statistical manner, resulting in a distribution of all
possible olefin combinations (equation 1). For the case of cyclic olefins, this
disproportionation leads to ring-opening polymerization (equation 2). Again the
product is an equilibriim mixture of starting material and product (monomer, polymer,
M| 2R
1 CH=CHR2
2 R 1 CH=CHR 1 + 2 R2CH=CHR 2 x ) 1 R^hbCHR 1 Eqn 1
1 R^HzCHR 2
2
Eqn2
and generally also cyclic oligomers), with the relative proportions of these controlled by
thermodynamics.
Elucidation of the mechanism of the olefin metathesis reaction has been a focus
of research for a substantial segment of the organometallic community. Much of what
is now known about metal carbenes, metallacycles and the inorganic chemistry of
Group IV metals resulted from studies of this reaction; it has closely paralleled, and
contributed substantially, to investigations of Ziegler catalysis3
.
The first general mechanism for the olefin metathesis reaction was proposed by
Bradshaw in 19674
.
A pairwise exchange of alkylidene fragments of the starting
olefins through a metal-complexed "quasi-cyclobutane" intermediate was proposed
(equation 3). This nicely explained the statistical distribution of olefin products,
CHR2 CHR 1
|—
M
—
|
CHR2 CHR 1
R2CH==CHR 1
M Eqn3
I^CH^CHR 1
3
and was the basis for the accepted mechanism for seven or eight years. A.though there
were mechanistic disputes during this time (involving the speciftc structure of (he
"quasi-cyclobutane"5,6, whether it was „ discrete of a ^..^^
and whether or not the reaction was concerted1*), none of the variations on the
mechanism contested the pairwise exchange of alkylidene fragments between two
olefins.
While early experimental results were in agreement with the pairwise
mechanism, a cross metathesis experiment by Chauvin was not 1 **. In the cross
metathesis between cyclopentene and an asymmetrical olefin he observed a statistical
array of the cross products (equation 4) even at very low conversions. Only C would
be expected from the simple pairwise mechanism.
+ M
V_ R :
A B
eqn 4
A second objection to the pairwise mechanism arose from the study of the
molecular weight distributions of polymers formed by the metathesis ring-opening of
cyclic olefins: rather than polymer molecular weight increasing with conversion, as the
pairwise mechanism would predict, high molecular weight polymer was detected even
at very early reaction times 11 .
4
reaction
In 1970 Chauvin proposed a new mechanism for the olefin metathesis
involving metal carbene intermediates 10 which provided an explanation for all the
experimental data to that date, and in fact is the mechanism accepted today. It involves
the generation of an initial carbene catalyst, followed by reaction propagation through
the carbene-olefin interchange. The metathesis propagation cycle is illustrated in
Scheme I. It involves coordination of an olefin to a metal carbene species forming 2,
formation of a metallocyclobutane 3, and subsequent conversion of this to a new
carbene-complexed olefin species 4.
While a substantial volume of experimental data supports this mechanism in its
skeletal forml2.l3,l4 a number of mechanistic details remain unresolved. For
example, the relative stabilities of 2, 3 and 4 are unknown. It has been suggested 15
that 3 is not an intermediate but a transition state for some systems, while in other
systems 3 has been isolated as an intermediate 16
. The geometry of 2 and 4 (with
regard to dihedral angles between the olefin and carbene) 17 and whether a direct [2 +
2] addition occurs instead of the formation of a distinct olefin/carbene complex 15 are
still at issue.
Scheme II depicts the mechanism for the propagation step of metathesis
polymerization of cyclic olefins. Unestablished mechanistic details for this special case
of olefin metathesis include whether the coordination step is association-dissociation or
dissociation-association, whether the penultimate and/or other chain double bond(s) is
(are) coordinated and whether a cocatalyst is involved. These issues have been
addressed for specific monomer-catalyst systemsl5,l8 and differ for different
monomers, different catalysts and different polymerization conditions.
Very little information concerning the kinetics of these processes is available 15
,
and numerous contradictions appear in the literature. It has been reported a number of
5
Scheme I
The Conversion of Olefins by Metathesis Catalysis.
6
k.
Scheme II
Ring Opening Polymerization Propagation of Cyclic Olefins
by Metathesis Catalysis.
7
times that the rate of polymerization of a cyclic olefin is a function of its strain
enogyl3.l5.l8,l9,20 yet in competitive reactions invo,ving^^^^
olefins by metathesis catalysts, no rate distinction is reported"). Instances of
selectivity and stereoselectivity differences have been ascribed to kinetic discrimination
of the propagating species2 *, but this species has not been considered pertinent in other
kinetic aspects of the reaction.
Thermodynamics
Thermodynamics of ring-opening polymerization are well understood22
. In all
ring-opening polymerizations the position of equilibrium between monomer and ring-
opened products is a function of temperature, concentration, and changes in enthalpy
and entropy for the process (equation 5). Entropy changes for ring opening
AG = - RT InKequnib = AH - TAS eqn. 5
polymerization are negative due primarily to the loss in translational entropy of the
monomer. High monomer concentration attenuates this effect, but does not completely
eliminate the positive contribution to the free energy of polymerization. If
polymerization is to occur, this positive contribution must be offset by a sufficiently
negative enthalpy change. For ring-opening polymerization, the same bonds are
present in monomer and polymer, and AH is primarily a function of strain energy in the
monomer. Having strain energy is therefore a basic requirement for ring-opening
polymerization of any cyclic monomer. Comparing the monomer/polymer equilibrium
positions for cyclobutene and cyclohexene methathesis under conditions generally
employed for these reactions illustrates the effect of ring strain (equation 6 and 7).
8
Cyclobutene (3. kcal/mole strain energy) is averted quantitatively to polymeria
while cyclohexene (2.5 keal/mol strain energy) forms no ring-opened
produc,s25,26,27,28. The revefse rf^ ?
_
^^ rf
1 ,7-diene units to cyclohexene, has been reported several times» 30 31
Eqn. 6
Eqn 7
In metathesis polymerizations "backbiting" of double bonds within the polymer
chain competes with ring-opening of monomer, and cyclic oligomers are usually
produced along with linear polymer. The relative amounts of monomer, oligomers of
varying ring size and polymer, at equlibrium, is a function of their relative free energy
contributions to the system. For monomers of intermediate strain energy, a certain
initial monomer concentration must be reached before high polymer is formed, and this
concentration is dependent on monomer strain energy. For example, at initial monomer
concentrations of up to 0.2 mol/L cyclooctene and 0.12 mol/L norbomene, at ambient
temperatures, cyclic oligomer is formed exclusively. Above these concentrations high
polymer is formed, accompanied generally also with a shift in oligomer molecular
weights to higher values32 '33
.
For metathesis polymerizations little attention has been directed towards the
effect of temperature on product distribution. Thoughtful examination of equation 5
9
reveals that ifAH is only slightly negative there is, in principle, a temperature at which
polymerization is favorable. For a given monomer concentration, a temperature, called
the ceiling temperature, will exist at which AH = T AS. Above the ceiling temperature
AG for polymerization is positive and no polymer is formed. Below the ceiling
temperature, AG is negative and high molecular weight polymer can form. This is a
phenomenon exhibited by many monomers34
.
An alternate approach to thermodynamic control in obtaining metathesis
products of cyclohexene has been reported and is worthy of mention: under high
pressures the loss in entropy upon metathesis condensation is less detrimental to the
equilibrium. At 10,000 psig cross metathesis between cyclohexene and ethylene yields
6.8% 1,7-octadiene35
.
Objectives of this Dissertation
There were two objectives of this portion of the dissertation. First, the identity
of that species in the propagation cycle of olefin metathesis which controls reaction
kinetics would be sought through competitive kinetic experiments between carefully
chosen combinations of monomers. A second objective was to demonstrate that,
through a better understanding of reaction kinetics and thermodynamics (specifically
ceiling temperature phenomena), the reaction could be directed in a way hitherto not
possible, specifically the metathesis conversion of cyclohexene into ring-opened
products.
10
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CHAPTER 2
EXPERIMENTAL
Materials Handling
Due to the sensitivity of tungsten carbenes to oxygen and water, all solvents and
reagents were rigorously dried and purged of oxygen, and all manipulations were
performed in an atmosphere of pre-purified nitrogen. Solvents and reagents were
stored, and reactions run, in standard Schlenk-type glassware. Liquids were
transferred by syringe, or by cannula with positive nitrogen pressure; solid transfers
were made in a nitrogen-purged glove bag.
Materials: Sources and Purification
Norbornene, cyclooctene, cyclooctadiene, cyclohexene, cyclopentene,
cycloheptene, bicyclo[2.2.2]oct-2-ene, alpha -pinene, cyclodecene, cyclododecene,
cyclopentane, cyclohexane, cyclododecatriene, chlorobenzene, tungsten hexachloride,
tetramethyltin, cyclopropyl carbinol, methyl iodide, cyclobutyl amine, p-toluene
sulfonyl chloride, 1,6-hexanediol and potassium t -butoxide were obtained from
Aldrich Chemical Company. Dimethylsulfoxide, pyridine, anhydrous ethyl ether,
silver oxide and toluene were obtained from Fisher Scientific.
Norbornene and bicyclo[2.2.2]oct-2-ene were disolved in sufficient toluene to
yield a 2.25 molar solution, dried by stirring over calcium hydride overnight, degassed
14
by repeated freeze / pump / thaw cycles (generally 5) to a constant 0.5 millitorr vacuum
when frozen, and then distilled trap-to-trap.
Cyclooctene, cyclooctadiene and alpha
-pinene were stirred over calcium
hydride overnight, degassed by bubbling pre-purified nitrogen through them for several
hours, and distilled under a reduced nitrogen pressure (15-30 mm of mercury). Glass
wool placed in the still pot, and large-jointed glassware minimized foaming.
Cyclohexene, cyclopentene, cycloheptene, cyclodecene, cyclododecene,
cyclopropyl carbinol and tetramethyltin were dried by stirring over calcium hydride
overnight, degassed by freeze / pump / thaw cycles, and distilled trap-to-trap.
Cyclohexane and cyclopentane were dried by stirring over calcium hydride
overnight, degassed by bubbling nitrogen through them for several hours, and distilled
under a nitrogen atmosphere.
Tungsten hexachloride was purified by zone refinement under vacuum at 350-
400 °C.
Toluene, and chlorobenzene were dried by stirring over calcium hydride
overnight, purged of oxygen by bubbling nitrogen through them, distilled under
nitrogen onto sodium metal and benzophenone, and then redistilled under nitrogen in
portions as needed.
Pyridine and DMSO were dried by stirring over barium oxide overnight, purged
of oxygen by bubbling nitrogen through them, and distilled under nitrogen.
Ethyl ether was passed through a column of activated alumina (80g AI2O3 per
700 mL ether. (Peroxides removed by the alumina were decomposed by washing the
still-wet alumina with FeS04/H20). Alternatively, 1 L ether was shaken with 5-10 mL
of an aqueous solution containing 6 mL H2SO4 and 6 g FeS04, then washed with
water. The ether was dried by stirring over CaCh for 24 hr, filtered and distilled from
15
sodium. For air sensitive work, it was distilled from sodium/benzophenone under
nitrogen.
Methyl iodide was passed through an aluminum foil-wrapped column of
activated alumina, distilled from P205 and used immediately to minimize light-catalyzed
decomposition.
Silver oxide was used as received.
Cyclobutylamine was used as recieved.
p-Toluene sulfonyl chloride was dissolved in a minimal amount of
CHCI3 (50 g / -125 mL CHCI3) and diluted with 5 volumes hexane to
precipitate impurities. The solution was filtered, stired over activated carbon,
filtered, and then concentrated on a steam bath (to -200 mL) until the solution
just began to cloud. Fine white crystals of tosyl chloride formed as the solution
cooled and stood overnight. These were collected by filtration and dried under
reduced pressure (mp 67.5 - 68.5 oQ 1
.
Potassium t -butoxide was sublimed at 170 °C at 0.5 millitorr.
Ozone was generated with a Welsbach T-408 ozone generator.
Measurements
Gas chromatographic analyses were performed with a Hewlett-Packard 5790A
gas chromatrograph using a 6 ft. x 1/8 in. 5% OV 101 on Chromosorb W column.
NMR spectra were obtained using a Varian XL 300.
IR spectra were obtained using a Perkin-Elmer 1420 ratio recording infrared
spectrophotomer.
16
Gas chromatography
- mass spectrophotometry was performed with a Hewlett-
Packard 5985.
Gel permeation chromatography was performed using Polymer Laboratories PL
gel columns (104. 103. and 1Q2 A), a Rainin Rabbit pump, a Knauer 98 refractive
index detector and toluene as the mobile phase. GPC data accumulation and analyses
were performed using Interactive Microware GPC software, an Apple He computer,
and calibration by polystyrene standards.
Synthesis
Cyclobutene synthesis
Hoffman Elimination ; PP-ffl -WO - 1052
Following a literature procedure for the synthesis of an alkene by the
elimination of the quartemary ammonium hydroxide3
,
cyclobutyl amine was first
exhaustively methylated with methyl iodine, the ammonium hydroxide formed with
Ag20 and H2O, and then heated to eliminate water and trimethylamine, as follows:
Into a 25 mL nitrogen-purged round bottom flask containing a stirring bar was added
10 mL ethyl ether, 1 mL cyclobutylamine (1 1.7 mmol), 2.2 mL methyl iodide (35.4
mmol) and 2 mL pyridine (24.8 mmol). The reaction generated much heat and the flask
was cooled in an ice bath. A bright yellow, oily layer formed on the bottom of the
flask; a white precipitate, presumably the quaternary ammonium hydroxide, was
contained in both layers. The layers were separated, the ether layer extracted with a
total of 30 mL water, in several portions, and the aqueous solutions combined. To this
was added 1 1.6g (50 mmol) silver oxide and the mixture was stirred for 2 hrs. The
1 7
volun* was .hen reduced by t^ry evaporation (a silver mirror fomted on wal,s of the
flask) and then transferred to a dropping funnel were i, was added dropwise to a flask
heated to 140 oC in a sand bath at 50m of mercury. The evolved gases were bubbled
through a 1 N HC1 solution and then condensed in a dry ice trap.
No product was obtained after 3 attempts; i, is possible that the cyclobutene was
generated but trapped not in the dry ice map, but instead in the liquid nimogen trap.
Cvclobutvl .osylafp • PP-IU-107 - 110.
Cyclopropyl carbinol was rearranged in acid to cyclobutanol which was then
tosylated and treated with base to yield cyclobutene, following a literature procedure*,
as follows: To a stirred solution of 60 mL distilled water and 5.7 mL (68 mmol) HC1
was added 5 mL (63.2 mmol) cyclopropyl carbinol. The solution was refluxed for 3
hrs then cooled in ice to 0 °C. Then 2.4 g (60 mmol) NaOH, dissolved in a little water,
was added; neutralization was completed with NaHC03 . The solution was saturated
with NaCl, and the cyclobutanol taken up in 150 mL ether by liquid/liquid extraction
for 6 hrs. The ether layer was dried over MgS04 , the ether distilled, and then
cyclobutanol distilled trap-to-trap. Its purity, determined by gas chromatography, was
about 96%; a yield was not determined.
To a 100 mL round bottom flask, containing a stirring bar, was added 4.4 mL
(56.3 mmol) cyclobutanol and 60 mL pyridine. The solution was cooled to 0 °C in an
ice bath, and then 1 1.8 g (62 mmol; 1.1 equivalents) freshly recrystallized tosyl
chloride was added. A pinkish-tan precipitate formed. The flask was placed in the
refrigerator overnight and then its contents poured into 350 mL ice water and stirred for
20 min. The pink oil was separated from the water, the water extracted 3 times with
ether and the ether added to the oil. The ether solution was then washed twice with a
50% HC1 solution to remove pyridine, and then distilled water, and then dried over
MgS04 overnight. The solution was filtered and the ether removed under vacuum.
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Without further purification, the tosylate (approx. 6 g) was dissolved in 10 mL
dry DMSO and this solution added dropwise (via cannula) to a nitrogen-purged mixture
of 120 mL dry DMSO and 8.4 g (75 mmol) potassium t
-butoxide, with stirring, at
70 oc in an oil bath over 20 min. Gaseous cyclobutene was trapped in a dry ice trap as
it evolved. After 90 min, nitrogen was bubbled through the solution to sweep
remaining cyclobutene into the trap. Its purity, determined by gas chromatography,
was better than 99%; a yield was not determined.
lH NMR confirmed the identities of cyclobutanol, cyclobutyl tosylate,
cyclobutene (figure 1-A in the Appendix), and the 1,2 dibromo-adduct.
Cyclobutene was dried by stirring over CaH2 overnight and distilled trap-to-
trap.
Metathesis Polymerizations
For a typical metathesis polymerization, 55 mL chlorobenzene, 0.24 mL of a
1.8 M solution of tetramethyltin in chlorobenzene (0.43 mmol) and 1.5 mL
cyclohexane or cyclopentane (used as GC internal standards) were introduced via
syringe to a nitrogen-purged Schlenk flask containing a stirring bar. To this was added
4.3 mL of a freshly prepared 0.1 M solution of tungsten hexachloride in chlorobenzene
(0.43 mmol) via syringe; a bright orange-red color formed. Fifteen minutes after the
WC16 addition, 25 mmol of monomer (for example 3.0 mL cyclooctadiene) was
added. Initial monomer/W/Sn ratios were 58/1/1. The rate of disappearance of
monomer was monitored by GC analysis of periodic 0.2 mL aliquots of the reaction
mixture which were cannula-transferred from the reaction flask into vials wet with
methanol. The immediate color change from red-orange to bright blue indicated
deactivation of the reactive species.
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Competitive kinetic measurements were obtained using two different
procedures:
ErQ££dl2£A: Chlorobenzene (55mL), 0.43 mmol tetramethyltin (0.24 mL of a
1.8M solution in chlorobenzene) and 1.5 mL cyclohexane or cyclopentane (GC
internal standards) were introduced via syringe to a nitrogen-purged Schlenk flask
containing a stirring bar. Tungsten hexachloride (0.43 mmol) was added via syringe as
4.3 mL of a 0.
1 M solution in chlorobenzene. Two 20 mL aliquots of this solution
were transferred via syringe to two Schlenk flasks. Fifteen minutes after the WC16 was
added, cyclooctadiene (1.0 mL, 8.2 mmol) was added to one flask and a mixture of
cyclooctadiene (0.5 mL, 4. 1 mmol) and the second monomer (0.5 mL, 2.6 - 5.7 mmol)
was added to the other flask. Initial COD/W/Sn ratios were 58/1/1. The rate of
monomer disappearance was monitored by GC analysis of periodic reaction aliquots, as
described above. For reactions run at elevated temperatures, both the tetramethyltin /
solvent / internal standard solution and the tungsten hexachloride solution were
equilibrated at the reaction temperature in an oil bath prior to their mixture.
Procedure B: Chlorobenzene (15 mL), 0.24 mmol tetramethyltin (0.1 mL of a
2.4M solution in chlorobenzene) and 0.24 mL cyclohexane (GC internal standard)
were introduced via syringe to a nitrogen-purged Schlenk flask containing a stirring
bar. Tungsten hexachloride (0.1 mmol) was added via syringe as 1.0 mL of a 0. 1 M
chlorobenzene solution and 15 min later, cyclooctadiene (0.5 mL, 4.1 mmol) was
added via syringe. Initial COD/W/Sn ratios were 40/1/2.4. Aliquots were collected
every 2 min and analyzed by GC. After sufficient GC data had been collected to
establish the rate of consumption of COD (typically 6-8 minutes), 0.25 mL (1.3 -2.9
mmol) of the second monomer was added. Data points were taken over the next 20
min. All monomers were added to the reaction mixture as neat liquids except
norbomene and bicyclo[2.2.2]oct-2-ene which were solids and were added as 2.25 M
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solutions in chlorobenzene to permit syringe transfer. For reactions carried out at
elevated temperatures, both the tetramethyltin / solvent / cycloalkene solution and the
tungsten hexachloride solution were equilibrated at the reaction temperature, in an oil
bath, prior to their mixture.
Cvclohexene metathesis- Cyclohexene was metathesized by both procedures
described above and also at low temperatures and high monomer concentrations:
Cyclohexene homometathesis- PP-III- 68, 72, 76, 78, 90, 1 15; PP-W-7
Cyclohexene 95.0 mL, 49 mmol) was dissolved in 5 mL toluene in a Schlenk flask.
Tetramethyltin (0.15 mL of 2.4 M in toluene, 0.36 mmol) was added followed by 1.5
mL of 0.1 M tungsten hexachloride in toluene (0.15 mmol). After 10 -15 min at 25 oc
the reaction was cooled to the temperature of the study in the appropriate slush bath
(chlorobenzene / dry ice: -45 oq chloroform / liquid nitrogen: -63 °C; acetone / dry ice:
-77 °C; and acetone / liquid nitrogen: -84 oq. The disappearance of cyclohexene was
followed by GC; toluene was used as an internal standard.
To isolate metathesis products, wet acetone was introduced to the cold reaction
mixture. The insoluble catalyst residue, and any precipitated product, was removed by
filtration, dried, and washed with toluene to recover reaction products. This toluene
solution was combined with the original filtrate. Solvent and monomer were removed
under vacuum (30 mm) to leave an oily residue. This was transferred, under nitrogen,
to a short path length still, and distilled under vacuum; the last fraction distilled at 3 mm
and 130 oq
The IR spectrum of the product was consistent with predominady cis alkene
(figure 2-A in the Appendix) and *H NMR shows a broad multiplet at 1-2 ppm and a
multiplet centered at 5.3.
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Metathesis decomposition of cyclohexene oligomers- PP-iV-91
The oligomer mixture (1.5 mL) was diluted with toluene (4.5 mL) to yield a solution
approx. 20% w/v in oligomers. This solution was dried over CaH2 and distilled under
a reduced pressure of nitrogen (3 mm,100 oQ. To this was added 0.072 mmol
tetramethyltin (0.03 mL of a 2.4M chlorobenzene solution of tetramethyltin) and 0.3
mL of a 0.
1
M chlorobenzene solution of tungsten hexachloride (0.03 mmol tungsten),
and 0.5 mL cyclohexane as an internal standard. The decrease in oligomer
concentration, and increase in cyclohexene concentration, was monitored by GC, using
both chlorobenzene and toluene as internal standards.
Cvclohexene-norbornene copolvmerization: PP-III-39, 49, 53, / 16, 123.
Cyclohexene-norbornene copolymerizations were carried out in a manner similar to
cyclohexene homometathesis. The procedure described above was repeated and the
equilibrium cyclohexene concentration was determined by GC. Norbornene (1 mL of
2.25M in toluene, 2.25 mmol) was introduced and changes in cyclohexene and
norbornene concentrations were monitored by GC. The catalyst was deactivated with
wet acetone as soon as norbornene was no longer detected.
Copolymer composition determined bv ozone degradation: 5>6PP-IH-123 -
125.
The copolymer was precipitated from the reaction solution with methanol, filtered and
dried under vacuum. In a septum-stoppered flask, 1.7 g of polymer was dissolved in
40 mL dichloromethane. Ozone was bubbled through the solution, at 25 °C, until
complete conversion of the olefin to ozonide was indicated by sudden and rapid
disintegation of the rubber septum; upon depletion of olefins in solution, the ozone
begins to attack those in the septum . The ozonides were decomposed to aldehydes by
adding this solution to a slurrried mixture of 3.5 g zinc powder, 20 mL acetic acid, and
10 mL water at 0 °C, and then heated to reflux for 30 min. The aldehydes were then
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oxidized to carboxylic acids by adding 10 mL H2Q2 (30 %), refluxing 1 hr, and stirring
at room temperature overnight. The aqueous and organic layers were separated, the
aqueous layer washed with several portions ethyl ether and this combined with the
organic layer. This was washed first with a saturated KI solution, then with several
portions 30 % HC1, then with 30 % sodium thiosulfate solution, and then again with a
30 % HC1 solution. The carboxylic acids were taken up in a saturated sodium
bicarbonate solution. This was then made acidic with HC1 and the acids taken up in
ethyl ether. Removal of the ether under vacuum yielded a yellow solid identified as
carboxylic acid by IR.
The acids were converted to alcohols as follows: The carboxylic acids were
dissolved in ~ 50 mL ethyl ether in a nitrogen-purged 250 mL 3 neck round bottom
flask equipped with a condenser and septa for additions and venting of evolved gases.
The solution was cooled to -10 °C in a salt / ice bath and 2.1 g lithium aluminum
hydride in 100 mL ethyl ether was added dropwise. After the evolution of hydrogen
gas ceased, the solution was heated to reflux for 2 hrs, and then cooled to room
temperature. To this was then added 5 mL water, and then 50 mL 15 % H2S04 . The
layers were separated, the aqueous layer saturated with NaCl and extracted with several
portions ethyl ether. The organic fractions were combined and dried over MgS04, the
ether removed by rotary evaporation, and the mixed alcohols separated by vacuum (0.5
mm) fractional distillation: 1,6-hexanediol (92 °C) and 1,3-
dihydroxymethylcyclopentane (118 °C).
Note: The alcohols were derived from the ozonides via the aldehydes and
carboxylic acids rather than directly from the ozonides because these procedures would
have required either first stripping the volatile ozonides of solvent, or directly reducing
the aldehydes which have a propensity for air oxidizing to acids.
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U-di(hydroxymethyl)cyclopentane, for use as a GC standard, was
synthesiszed from norbomene by the same procedure. 1,6-hexanediol was obtained
from Aldrich Chemical Company.
GC analysis of the crude mixture of alcohols from the copolymer
decomposition using the known standards yielded an estimate of the relative amounts of
each monomer in the copolymer.
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CHAPTER 3
RESULTS AND DISCUSSION
Factors Influencing the Rat, of nwin Metath^k Pmy^^nrinn
Deficiencies in the understanding of the mechanism of the olefin metathesis
reaction have been surveyed in Chapter 1
, particularly those pertaining to reaction
kinetics. It is the effect of monomer ring strain on reaction kinetics, and the
identification of the pertinent kinetic species in the catalytic cycle, which are the focus
of this research.
While monomer ring strain has been cited repeatedly as the source of
propagation rate differences in metathesis polymerization 1-2,3
, ±e sole support oftWs
contention appears to be the observation that norbornene has the ability of activating a
sluggish catalyst4^. It is not a priori obvious whether monomer ring strain should
increase or decrease the rate of propagation; an a priori analysis is difficult. The extent
to which ring strain manifests itself in transition states as opposed to ground states of
intermediates is difficult to predict. It has been pointed out 1 that differences in energy
between 6, 7, and 8 in scheme II (page 7), and the transition states between them
must be small to explain the observed rates and activation parameters.
A survey of competitive kinetic data for other types of ring-opening
polymerizations (cationic, anionic and hydrolytic polymerizations of ethers, lactones
and lactams) does not reveal monomer ring strain as important in the rates of these
reactions. In the cationic polymerization of cyclic ethers in nonpolar media,
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tetrahydrofuran (5.5 kcal/mol strain energy^) polymerizes «H* . ,« By I i men with a rate constant 2 orders
of magnitude larger than that of ethylene oxide (27 kcal/mol*) and 3 orders of
magnetude larger than that of oxepane (7.9 kcal/mo>6)7. In lactam polymer]zations^
correlation between ring size and reactivity differs for different types of polymerization
(anionic, cationic, hydrolytic) and often varies with temperature and catalystWO. The
reactivity ratios of cyclic ethers or lactams in copolymerizations do no, correlate with
strain energy 1 1,12,13
Kinetic data available for metathesis of acyclic olefins, and comethathesis of
cyclic and acyclic olefins, show that acyclic olefins (lacking any strain energy) react at
rates comparable to those of cyclic olefins 14 . 1*,^,!?,^
The experimental design of the research reported here was directed towards
determining the effect of monomer strain energy on metathesis reaction kinetics. The
outcome has been the demonstration that monomer ring strain does little to affect
propagation rates in metathesis polymerization and that the rate is principally a function
of the structure of 6 in Scheme II (page 7).
Justification of First Order Kinetics .
That the reactions are first order with respect to monomer was determined by
the comparison of first order plots of percent monomer remaining versus time for
reactions with initial monomer concentrations varying over a factor of ~4. The plots are
linear over 3 half lives and their slopes are, within experimental error,
indistinguishable. Figures 1 and 2 are such plots for initial cyclooctadiene (COD)
concentrations: [CODJo = 0. 16 M, 0.33 M, 0.49M (figure 1), and for initial
cyclooctene (COE) concentrations: [COE]0 = 0.12 M, 0.23 M, 0.46M (figure 2).
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Figure 1. Change in COD concentration with time for [COD]0 = 0.16 NL 0.33 M
and 0.49 M.
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Figure 2. Change in COE concentration with time for [COE]0 = 0.12 M, 0.23 M
and 0.64 M.
Competitive Kinetics
Much of the data and discussion that follow concerns differences in the rate of
metathesis of COD. The rate of COD disappearance in homometathesis reactions is
compared with the rate of COD disappearance in cometathesis (with another cyclic
olefin) reactions; tungsten hexachloride/tetramethyltin is the catalyst. The rate
expressions for COD homometathesis and cometathesis are given by equations 7 and 8,
respectively, where W=^COD) represents the COD-derived carbene, W^COD)
represents the comonomer-derived carbene, kcC is the rate constant for the reaction of
COD with COD-derived carbene, kcm is the rate constant for the reaction of COD with
_
dfCODl = kcC[W^=COD)][COD] Ean 7
dt 4
_d££ODl = (kccfW^COD)] + kcm[W=^M)] [COD] Eqn 8
dt
n
comonomer-derived carbene. By comparing the rates of COD disappearance in the
presence and absence of comonomer, the relative reactivity of W^=COD) and W=$= M)
can be measured, assuming that [W =£COD)] in equation 7 is equal to [W^=COD)] +
[W^ M)] in equation 8. The validity of this assumption is assured by the manner in
which the reactions are run. COD is a convenient monomer for such comparisons: it
polymerizes to high conversions (has a low equilibrium monomer concentration) and
exhibits first order kinetics for several half lives.
Figure 3 displays first order plots of monomer concentration vs. time for three
WCl^ / SnMe4 - catalyzed reactions: COD and norbornene (NBE)
homopolymerizations and a COD polymerization to which NBE (0.5 equiv.) was
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Figure 3. Homopolymerization of COD (A) ([COD]0 = 0.35 M) and NBE ([])
([NBE]0 = 0.35 M). Polymerization of COD (O) ([COD]0 = 0. 17 M) to which 0.5
equiv. NBE was added at t = 10 min. Temp = 35 °C.
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added at t = 8 min (PP-///-72, 81, 85^. Accurate rate constants cannot be determined
from these data, but several better-than-qualitative points can be made: In separate,
side-by-side reactions, NBE homopolymerizes greater than 10 times faster
than does COD, but in a competitive experiment (NBE-COD copolymerization) NBE
and COD react at essentially the same rate. The addition ofNBE to a COD
polymerization in progress dramatically increases the rate ofCOD metathesis: COD had
polymerized to 30% conversion when NBE was added at 8 min.; in the following 3
min an additional 45% is consumed - a 5.5-fold rate increase. Over this 3 min period
the NBE is completely consumed and afterward the COD consumption returns to its
initial rate.
The greater than 10-fold rate difference between NBE and COD
homopolymerizations would normally be rationalized by differences in monomer ring
strain. Clearly this cannot be an important effect as it hardly manifests itself in the
copolymerization. Consider the geometry of the NBE- and COD- derived carbenes (9
and 10 respectively), generically represented by 6 in Scheme II (page 6). The olefin
in 9 cannot coordinate with the tungsten (the planar cyclopentane ring holds them apart)
10
with the ease that the olefin in 10 can. This makes 9 the more exposed and more
reactive carbene, that is kcm is greater than kcC in equations 7 and 8. The initial rate of
COD conversion (Figure 3) can be ascribed to the rate of reaction of 10 with COD
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(described by k^). The greater rate of COD consumption during copolymerization is
due to the combined rates of reaction of 9 and 10 with COD (kcC + k^). After the
NBE is consumed, 9 no longer is present and COD consumption returns to its initial
rate.
The same type of experiment has been performed with NBE and cyclooctene
(COE) (PP-III-43). Figure 4 shows the analogous data; the results can be interpreted
identically.
Based on this interpretation of NBE copolymerization kinetics, it is reasonable
to expect that the presence of any monomer should affect the polymerization kinetics of
another monomer given that the reactivities of the resultant carbenes differ. Consider,
for example, COD and COE homo- and copolymerizations {PP-II-111,119, PP-III-17,
19). The carbenes generated by COD and COE are 10 and 11, respectively. The
double bond in 11 is separated from the carbene by 6 methylene carbons, while
10 11
there are only 2 methylene carbenes separating the carbene and olefin in 10. To
determine the relative reactivity of these two carbenes, the experiments detailed in
Figure 5 were performed. In side-by-side homopolymerizations, COE reacts 2.7 times
faster than COD, but in a copolymerization the reactivity inverts; COD reacts 1.8 times
as fast as COE. The COE-derived carbene is clearly the more reactive carbene. That
COD polymerizes approximately twice as fast as COE in the copolymerization can be
rationalized by the fact that COD has two double bonds for every one of COE.
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Figure 4. Homopolymerizations of NBE (Q) and COE (A). COE polymerization to
which 0.34 equiv. NBE was added at t = min (0). [NBE]0 (homopolymerization) =
0.13 M, [COE]0 = 0.37 M in both homo- and copolymerizations. Temp = 25 °C.
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Figure 5. Homopolymerizations of COE (Q) and COD (O); copolymerization of
COE (|) and COD (•). [Monomer] 0 = 0.4 M, Temp = 80 °C.
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It is apparent from the above discussion that the relative reactivity of metal
carbene-olefin complexes of the general structure 12 can be deterrmned by measuring
the change in polymerization rate of one monomer (in these cases, COD) upon the
addition of an appropriate second monomer 13. That many of the monomers
(CH,)2'n
13
represented by 13 establish a monomer-polymer equilibrium at low monomer
conversion and that the relative concentration of each carbene cannot be determined
makes quantitating the relative reactivities impossible, but if the resultant carbenes do
form and do affect the polymerization rate of COD, then whether the resultant carbene
is more or less reactive than the COD-derived carbene is apparent.
This type of experiment was carried out on a range of monomers. The results
are presented, in Table 1, as ratios of the rates of disappearance of COD in the
presence of the comonomer-derived carbenes, to the rate ofCOD homopolymerization.
The rate constants for the experiments from which these ratios were obtained, and their
notebook references, are given in Table 2. Also included in Table 2 are some
copolymerization rate constants for monomers other than COD.
Several points warrant amplification: Cyclobutene (CBE), has essentially no
effect on the rate of COD polymerization, and the monomers polymerize at virtually
identical rates ( Figure 6, PP -III-121). This is compelling evidence that (1) monomer
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Table 1
Relative (to COD-derived) carbene reactivities.
Monomer k a n„K rel Temp oc Method^
Cyclobutene 1.0
Cyclopentene 2.2
2.4 c
Cyclohexene 1.3 c
1.2
Cycloheptene 0.52 c 25 A,B
0.58 70 A
Cyclooctene 3.0 d 70 A,B
Cyclodecene 1.4 c 70 A
Cyclododecene 1.1 c 70 A
25
70
B
A
25
70
A,B
B
Continued
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Table 1. continued
Monomer krel a Temp <>C Method b
Norbornene 41 25 g
24 35 B
77 40 B
Bicyclo[2.2.2]oct-
2-ene 1.2 c 25 B
alpha -pinene 1.2 25 B
1.2 70 B
a. The ratio of COD disappearance rates in co- and homopolymerization.
b. See experimental section for description of method.
c. Average of 2 experiments (deviations less than 5%).
d. Average of 4 experiments.
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Table 2
Rate Constants for Various Monomer Pairs in Copolymerization
Experiment^ M1ZM2 W ki2a k22a k^a Temp
°C/Method a
PP-III-121
PP-III-26
PP-III-27
PP-III-25
PP-III-38
PP-IV-23
PP-IV-23
PP-III-22
PP-III-41
PP-III-64
PP-III-17
PP-III-19
COD/
cyclobutene
COD/
cyclopentene
COD/
cyclopentene
COD/
cyclopentene
COD/
cyclohexene
COD/
cyclohexene
COD/
cyclohexene
COD/
cycloheptene
COD/
cycloheptene
COD/
cycloheptene
COD/
cyclooctene
COD/
cyclooctene
0.033 0.032
0.048 0.11
0.064 0.33
0.051 0.11
0.13 0.16
0.097 0.12
0.093 0.11
0.035 25 /B
70/A
0.14 0.075
70/A
25/B
25/A
25/B
70/B
0.12 0.069 0.0051 0.044 70/A
0.12 0.062 0.0048 0.046 25/A
70 /A
0.052 0.15 0.11 0.078 70/A
0.033 0.090 0.083 0.051 70/A
Continued
Table 2. continued
Experiment MlZM.2 fal ki2 k22 k2i Temp
Method
PP-II-111
PP-II-119
PP-III-24
PP-III-64
PP-III-58
PP-III-60
PP-II-81
COD/
cyclooctene
COD/
cyclooctene
COD/
cyclodecene
COD/
cyclodecene
COD/
cyclododecene
COD/
cyclododecene
COD/
norbornene
0.023 0.065
0.024 0.057
0.0044 0.34
0.028 0.039 0.16
0.21 0.30
0.22 0.25 0.04
0.14 0.15
0.044 70 /B
0.038 70 /B
70/A
70/A
d 70/A
d 70/A
40 /B
PP-II-85 COD/
norbornene
0.040 0.96 35/B
PP-II-71 COD/
norbornene
0.016 0.66 25/B
PP-IV-19
PP-IV-21
PP-III-67
PP-IV-17
COD / bicyclo-
[2.2.2]oct-2-ene
COD / bicylo-
[2.2.2]oct-2-ene
COD/
alpha-pinenz
COD/
alpha-pinene
0.029 0.031
0.029 0.036
0.030 0.037
0.028 0.033
25/B
25/B
70 /B
25/B
Continued
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Table 2. continued
memm M1ZM4 kn ka & ta j^o^
Method
PP-III-8 COD/ 0.092 0.089 d 70 /R
cyclododecatriene
mixture of isomers
PP-III-45 cyclopentene / -0.0 0.4
norbornene
25/B
PP-III-121 cyclooctene/ 0.08 0.05 0 04 25/B
cyclobutene
a. kjj and jc22 are the rate constants for homopolymerizations of monomers
1 and 2 respecively, k_i2 is the rate constant for consumption of monomer
1 in copolymerization with monomer 2, and k.21 is the rate constant for
consumption of monomer 2 in copolymerization with monomer 1. These
values were determined from the slope of the linear portion of the log of
% monomer remaining versus time plots. See the experimental section
for descriptions of polymerization methods used.
b. Exhibits approach-to-equilibrium kinetics under these conditions.
c. Does not polymerize under these conditions.
d. Monomer elutes off GC column with cyclic oligomers of COD, monomer
disappearence could not be monitored.
e. Polymerizes too rapidly under these conditions for the rate to be
measured.
f. Refers to the notebook and page on which the experiment is described.
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Figure 6. Polymerization of COD (A) to which 0.5 equiv. CBE (O) is added at t =
6.5 min. Dashed line extrapolates initial rate of COD homopolymerization. [COD]0
0.3 M. Temp * 25 °C. I
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same
ring strain is not an important rate-determining factor and (2) the structure of the
propagating carbene determines the rate. COD and CBE form essentially the
carbene (10), but have drastically different ring strain (8 and 32 kcal / mole
respectively^). The two carbenes are slighdy different: the coordinated double bond of
the COD-derived carbene is always cis-, but the double bond in the CBE-derived
carbene can be cis- or trans-. Because cis- olefins form more stable complexes with
metals than do trans-, one might expect the COD-derived carbene to be less reactive
than the CBE-derived carbene. The data, however, show that the configuration of the
complexed olefin exerts little effect on carbene reactivity.
Because COD and CBE generate the same carbene, it follows that the presence
of CBE should retard the rate of polymerization of COE to the same extent that COD
does. Figure 7 shows that this is the case.
The presence of cyclohexene (CHE) increases the rate of COD polymerization,
but CHE itself is not consumed in the reaction (PP-III-23, 38). This demonstrates that
the CHE-derived carbene is present in the reaction as a kinetically important species,
even though polymerization of cyclohexene is not thermodynamically favorable at this
temperature21
.
This is a further demonstration of the irrelevance of ring strain to
reaction kinetics; CHE is virtually strain-free.
The cycloheptene-derived carbene is the only one in the series found to be less
reactive that 10 {PP-111-22, 41, 64). The following order of reactivity can be drawn:
norbornene» cyclooctene > cyclopentene > cyclodecene > bicyclo [2.2.2] oct-2-ene =
alpha -pinene ~ cyclohexene > cyclododecene = cyclobutene = cyclooctadiene >
cycloheptene.
These differences in reactivities can be ascribed to the ease of coordination of
the double bond closest to the carbene, or more specifically to the structure of the group
in between the carbene and the first chain olefin. It should be noted that cyclohexene,
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CBE added
t 1 r-
5 10 15
t (min)
Figure 7. Polymerization of COE (A) to which 0.5 equiv. CBE (O) is added at t
6.5 min. Dashed line etrapolates initial rate of COE homopolymerization. [COE]0
0.3 M, T = 25 °C.
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alpha-pin^, and bicyclo[2.2.2]oct-2-ene yield carbenes of similar reactivity, and all
have 4 methylene units between the carbene and coordinated olefin. It should futher be
pointed out that the uniqueness of the NBE-derived carbene in this data set is not due to
the bicyclic structure of NBE; neither bicyclo[2.2.2]oct-2-ene nor alpha-pin^ impart
unusual reactivity to the tungsten carbene.
Several literature references in this regard are noteworthy. Complexes 1422
and 1523 have recently been isolated as stable crystalline solids. The authors point out
that other species of the general structure 16 with n < 2 or n > 2 are less stable and
have not been isolated. 1 ,6-Heptadiene has been reported to be a much more effective
chain transfer agent than 1 ,5-hexadiene or 1,7-octadiene for WF6/EtAlCl2-catalyzed
cyclopentene; this was interpreted in terms of the relative stability of 17 for n = 2,
3,and 424 . Ivin2^ has interpreted the stereospecificity of several polymerizations
in terms of two propagating species 18 and 19. Species 18 leads to cis- product and
19 leads to trans- product. The relative rates at which the metal dissociates from
18 19
the double bond have been estimated for several olefins, and fall in the order: NBE >
Cyclopentene > COE * COD.
Finally, the higher rate of cationic polymeriation of THF compared with other
cyclic ethers has been attributed to the geometry of the transition state: the oxygen is in
the proper position to stabilize the transient oxionic species 207 .
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Polymer Characterization
Because the focus of the research was primarily mechanistic, little product
characterization was performed. However, the decoupled *H NMR spectra of
metathesis polymerized COD (Figure 8) offers a reasonable explanation for the apparent
insensitivity of rates of polymerization by this catalyst to cis-, trans- configuration of
the double bond coordinating the carbene metal (e.g. that COD and cyclobutene yield
carbenes of essentially the same reactivity even though the ultimate olefin upon opening
COD is always cis-, and that of cyclobutene may be, with this catalyst2* cis- or
trans-). This spectrum for polycyclooctadiene (Figure 8), showing its cis-ltrans-
triads27 '28, demonstrates that even early in the reaction of COD metathesis, the double
bonds of the product polymer are prodominatly trans-. Even if every double bond
opened was converted to trans- product, the polymer could only be 50% trans- if ring
opening was the only mechanism for olefin isomerization. The implication is that
backbiting reactions compete effectively with ring opening and mask any stability
differences arising from the geometry of the coordinated olefin.
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TTT
53 75 5.356 5.324 5.307
PPM
Figure 8. Cis- 1,4 and trans- 1,4 olefin resonance of poly(COD), 75% in CICD3,
with 1,4 methylene and vinyl methine protons decoupled. The six major peaks are
assigned to isomeric triads as shown. Shift values are referenced to TMS.
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Conclusions
It has been demonstrated tot the rate of tungsten hexachloride/tetramethyltin-
ca.a]yzed olefin metathesis polymerization is independent of ring strain in the monomer;
the smacture of the propagating carbene is the rate determining faetor. The ease with
which the closest double bond in the growing polymer chain can coordinate to the metal
center determines the carbene reactivity. Relative reactivities of carbenes can be
determined by measuring the change in rale ofCOD polymerization upon introduction
of a second olefin.
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Cyclohexene. Metathesis Poly™^-^
Thermodynamic Control
on
Cyclohexene is not polymerized by metathesis catalysis under the usual
conditions employed for these reactions. In Chapter 1 the origin of the ceiling
temperature phenomenon and the manifestation of ring strain in determining its
magnitude, was discussed. Cyclohexene's virtual lack of strain energy results in a
ceiling temperature well below ambient. An objective of this research was to ascertain
ceiling conditions for cyclohexene.
When 5M cyclohexene in toluene is treated with tungsten hexachloride /
tetramethyltin at room temperature, no change in cyclohexene concentration occurs, as
evidenced by gas chromatography. By lowering the temperature to -77 «c f however,
the cyclohexene concentration decreases to 88% of its initial value (figure 9, PP-III-
39,62,116). This composition is stable for weeks at this temperature, but upon
warming to room temperature it shifts back to 100% monomer. Destroying the catalyst
by adding cold wet acetone to the reaction mixture at -77 <>C permits the isolation of
metathesis products, the pathway for depolymerization having thus been eliminated.
Gel permeation chromatography indicates only that the products are oligomers with
molecular weights below the limits of a 500 A column. Gas chromatography indicates
a mixture of oligomers in the 2 - 6 DP range (determined by the elution times of alkane
standards; Figure 10). This is the upper limit of the analytical technique, slightly higher
molecular weight oligomers may be present as well. The larger number of peaks in the
gas chromatogram indicates that different geometric isomers of the various oligomers
50
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Figure 9. Metathesis of cyclohexene at -77 °C. Initial tungsten :tin:cyclohexene ratio
was 1:1:6.3.
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Figure 10. Gas chromatagram of cyclohexene metathesis products for reaction
temperature of -77 °C. Elution times of alkane standards are indicated.
100 °C for 2 min, 100-300 °C at 22 oC/min, 300 °C for 5 min. OV-101 column (5%
on Chromosorb W) 6 ft x 1/8 in.
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are formed. The mixture exhibits infrared and lH NMR spectra consistent with
predominately cis-cyclohexene oligomers (see figure 2-A in the Appendix, pg. 109),
but the most convincing structural evidence is that, at room temperature, an isolated
mixture of oligomers is converted back to cyclohexene upon exposure to metathesis
catalyst (Figure 11, PP-III-90).
Equilibrium concentrations of cyclohexene (initially 5 M) were determined at
four temperatures:
-45 oq
-63 oq
-77 oC> and -84 oC ( PP-III
-49j3,68, 76, 78,90,92
94
,
115). The logarithm of the equilibrium cyclohexene concentration was found to
vary linearly with T'l (Figure 12). Extrapolation to 100% of the initial cyclohexene
concentration indicates that productive metathesis occurs below about -23 oq Gas
chromatography showed a shift in the distribution of oligomer peaks to higher
molecular weights with lower reaction temperatures, but even at
-1 16 OC and solutions 7.5 M in cyclohexene, no polymer was observed by gel
permeation chromatography. Because cyclohexene's melting point is -104 °C it
appears doubtful that ceiling conditions for this compound exist.
Kinetic Control
As thoroughly discussed earlier in this chapter, the rate of metathesis
polymerization is independent of monomer ring strain. It was shown that, even though
no productive metathesis of cyclohexene occurs at ambient temperatures, the carbene
generated by opening the cyclohexene ring exists in kinetically significant amounts and
will effect the rate of polymerization of a monomer polymerized in its presence. It has
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time (min)
Figure 11. Metathesis conversion of oligohexenamers to cyclohexene at 25 °C.
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Figure 12. Temperature dependence of equilibrium cyclohexene concentration
(initially 5 M).
also been shown that ft, norbomene-derived carbene is extremely reactive and speeds
the rate of polymerization of other cyclic olefins by greater than an order of magnitude.
The equilibrium between monomer and polymer is a function of the relative
rates of its polymerization and depolymerization: Even though at ambient temperatures
v ^polymerization
Equilibrium =
^depolymerization
this equilibrium lies far on the side of monomer, it is possible to temporarily shift this
equilibrium if the rate of propagation can be increased relative to depropagation, and it
has been shown that the presence of norbornene does just that.
When norbornene (0.23 equiv. based on cyclohexene) is added to a mixture of
active metathesis catalyst in 0.1 M cyclohexene, cyclohexene is consumed (PP-III-39,
49, 53, 116). Figure 13 describes this experiment. During the one minute that
norbornene is present (it polymerizes rapidly under these conditions), 6% of the
cyclohexene is consumed. This corresponds to a norbornene copolymer containing
21% cyclohexene. That this is a kinetic product is evidenced by the fact that
cyclohexene concentration returns to 99% of its initial value when the copolymer /
cyclohexene mixture is allowed to equilibrate in the presence of catalyst overnight.
Deactivation of the catalyst with wet acetone immediately after the completion of
norbornene polymerization permits isolation of copolymer. Ozone degradation of a
copolymer sample, followed by lithium aluminum hydride reduction, yields the two
expected diols with 1,6-hexanediol comprising 7.5 % (PP-11I-117) of the mixture.
Lowering the reaction temperature (to temperatures at which productive
metathesis of cyclohexene occurs) before adding norbornene has little effect on the
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Figure 13. Cyclohexene-norbornene metathesis copolymerization at 25 °C. Initial
cyclohexene concentration was 0.1 M- 0.23 equiv. norbornene was added at t = 18
min. Initial tungsten: tinrcyclohexene ratio was 1:2.4:4.5.
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percent cyclohexene incorporated into copolymer. At -77 oC 22% of the cyclohexene
(initially 5 M) is converted to metathesis products which are in equilibrium with
monomer. If norbornene is now added (0.3 equivalents based on cyclohexene's initial
concentration) a further 5% cyclohexene is consumed, as evidenced by gas
chromatography, and is assumed incorporated into copolymer. When this reaction
mixture is allowed to equilibrate, the 5% cyclohexene is regenerated (PP-III-49,53 ).
Conclusions
Contrary to reports that cyclohexene is inert to metathfos catalysis, ring-opened
products can be obtained under appropriate conditions. At temperatures below -23 °C,
an equilibrium mixture of oligomers forms which reverts to cyclohexene upon
warming. If the catalyst is destroyed at low temperature, oligomer mixtures can be
isolated. Although conversions of cyclohexene are modest at the reaction temperatures
employed, the results clearly indicate that decreasing the temperature shifts the
equilibrium and allows the preparation of metathesis products. Polymerization ceiling
conditions were not met and Tc is below - 1 1 6 °C for 7.5 M cylohexene. Cyclohexene-
norbomene copolymers can be prepared at room temperature; these are kinetic
products. The thermodynamic products (cyclohexene and polynorbornene) are
obtained at equilibrium, however the copolymer is stable in the absense of active
catalyst and can be isolated.
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PART II
ANIONIC ADDITIONS OF POLYSTYRENE TO SURFACES OF
POLY(CHLOROTRIFLUOROETHYLENE)
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CHAPTER 4
INTRODUCTION
In many polymeric materials it is the interface between two chemically distinct
polymers which determines the ultimate properties of the material. For example the
strength of composites depends on the transfer of stresses from the matrix to the
reinforcing filler across their interface, and the efficacy of the interface in facilitating
this transfer is integral to the performance of the material 1 '2 '3
. Failure in adhesive
joints can occur at interfaces and the strength of a bonded material reflects molecular
interactions at its interface4^. The blending of incompatable polymers results in
materials utilizing properties of both components (for example high impact-resistance
plastics), but optimal synergism of the desired properties requires a stable dispersion of
one polymer within the other, and this is a function of the interfacial forces between
them6 '7
.
There presently is no simple analytical technique for studying polymers at
their molecular interfaces and no means of quantifying the correlation between physical
structure and mechanical behavior. All knowledge of the mechanics of an interface
must be inferred from bulk material properties, or, at best, a broad interfacial region.
The synthesis of a model polymer-polymer interface, in such a way that the interface
can be confidently defined on the molecular level, would permit the investigation of
physical structure-property relationships in phase separated polymer-polymer systems
with an accuracy and certainty hitherto not possible. The grafting of one polymer to the
solid surface of another in a carefully controlled manner would allow the design and
synthesis of such systems.
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To date, the methods used for surface grafting a thin film of one polymer to the
surface of another have centered around the creation of radical species at and near the
solid surface (by UV or higher energy radiation, mechanical abrasion, or
decomposition of impregnated initiators) in the presence of a polymerizable
'
monomer8,9,10,l 1,12. structure of^ product . $ ^ ^^
polymer-polymer interface is difficult to characterize; such features as the nature and
thickness of the interface, the molecular weight, molecular weight distribution and
crosslink density of the grafted polymer are unknowns.
A more reasonable approach to the synthesis of polymer-polymer interfaces
which are both sharp and well-defined is the grafting of a polymer reagent (which can
be characterized independent of the grafted product) to a rigid polymer surface. A
technique developed recently in our laboratories offers just such an approach. Dias has
shown that surfaces of poly(chlorotrifluoroethylene) (PCTFE) films can be
functionalized with a range of alkyl lithium reagents 1 3. 14. The film is brought in
contact with solvent containing the reagent; the optimal solvent solvates the reagent but
interacts little with the film. Reaction depths can be controlled with temperature; Dias
was able to limit reaction depths to tens of angstroms. The reaction is clean and
without side reactions. The chemistry is summarized in Scheme III below. The
extention of this chemistry to polymeric lithium reagents offers a logical approach to the
synthesis of model polymer-polymer interfaces: monolayers of polymer grafted to the
surfaces of PCTFE films.
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Scheme III
The Reaction of Alkyl Lithium with the Surface of Poly(chlorotrifuoroethylene) Films.
There are, however, problems associated with this approach to the synthesis of
sharply defined interfaces. A major consideration is the potentially transient solid
nature of the surface (and evolving interface) during the grafting of one polymer, from
solution, onto the solid surface of another. As the surface is chemically modified
through grafting, its physical properties are similarly modified, approximating those of
the solid polymer at low grafting levels, and progressively approaching those of the
soluble polymer with increased grafting. Preventing the product interfacial material
from being penetrated and mobilized by the solvent is then the challenge.
Even in the absence of solvent, maintaining a sharp interface between two
polymers may not be a trivial task. Solid polymer surfaces are often not rigid, and the
polymer molecules, or segments of molecules, may possess considerable mobility.
This may be facilitated by heat 15 ' 16 - 17 ' 18
,
plasticizers 19 and polymer backbones
composed of freely rotating bonds 20 . Minimization of surface and interfacial free
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energy is the driving force for reorganization. There are a number of reports in the
literature of reorganization of the surfaces of solid polymer materials; several examples
are given below.
There are several reports of surfaces made to outwardly display either polar or
nonpolar funtional groups depending upon the polarity of the interface2 ! ,22,23,24 For
example, poly(ethylene-co-acrylic acid), when heated to a temperature at which it
begins to flow, presents its acrylic acid groups to the surface when in contact with a
polar environment, and buries these groups when in contact with a nonpolar
environment, as evidenced by contact angle measurements2*. Similarly, the surface
free energy of surface-oxidized polyethylene decreases at its melting temperature2*.
The results are attributed to thermally-induced chain mobility facilitating the
minimization of surface free energy.
Polymer materials containing small amounts of silicone have been observed to
exhibit surface properties (in air and vacuum) characteristic of pure silicone22 '26
.
Polyethylene grafted with 1% acrylic acid, in contact with water, shows an
increase in surface free energy with time attributed to the migration of the acrylic acid
groups to the surface. The authors note that the water acts as a plasticizer for the
surface region and also exerts a thermodynamic incentive for reorganization27
.
Ratner, et al. grafted various hydrophillic polymers to hydrophobic surfaces22
and studied the effect of the grafting solvent, and of subsequent surface drying,
hydrating and dehydrating on the degree of surface reorganization, by ESCA. The
relative degrees of reorganization were attributed to the relative interactions of the two
polymers with the various solvents, the relative solvent-polymer and air-polymer
interfacial energies, and the degree of solvent-induced molecular mobility. Grafted
silicone rubber reorganized readily, in the absence of any solvent, due to the molecular
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flexibility of this polymer, while grafts onto semierystalline polyethylene reorganized
very little.
Some effort has been directed towards understanding the nature of specific
surface motions, and in correlating these motions, and the rates of reorganization, with
polymer bulk properties2* As in the bulk, the degree and type of polymer surface
motions are influenced by chemical structure, molecular weight, crosslinking, polarity,
crystallinity and steric factors. Predicting surface mobility based solely on polymer
mobility in the bulk may, however, be risky. Andrade and Chen conject that the
surface configurational entropy and excluded volume effects differ greatly from those
of the bulk2*- They observe, for example, that glass and melting transitions of polymer
surfaces, as evidenced by the rate of surface reorganizations, are often several degrees
lower than for the bulk polymer. Impurities impinging on the surface, for example
moisture or solvent vapors, can plasticize the surface and lead to enhanced mobility.
Fredrickson has developed equations to predict the ordering of block
copolymers at surfaces2?. In his model, mobility is imparted through melting; even in
the absence of sufficient driving force for component segregation in the bulk, a surface
with a preferential affinity for one of the two components will give rise to a
concentration of this component at the surface. Because the components are physically
connected an oscillatory composition profile perpendicular to the surface is predicted to
result.
A number of models have been proposed to describe the diffusion of condensed
polymer chains. Interdiffussion of chemically identical polymer molecules is described
adequately by the "reptation" model for polymer motion developed by deGennes30 and
Edwards31 . It is the basis for most models describing diffussion of like polymers
across an interface (in, for example, crack healing)32>33,34,35,36,37,38,39,40,4 1,42,43,
44
'
45
. Modeling the diffusion of chemically dissimilar polymers across an interface is
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more complex because i( is driven by both entropy and enthalpy. The mobility of each
molecnle depends on the composition of the material snrronnding it which varies
continuously across the interface46. None the less, models have been proposed to
descnbe these caseS47,48,49,50,5,. Pennings has mode]ed^ ^
energy relaxation32, and others have developed models for the motions of chains
anchored to solid surfaceS52.53,54,55,56,57. These modds find ^
predicting, for example, the rates and extents of crack healing, welding, adhesion and
phase seperation in blends58 -59 . 36-44
Research Synopsis
The work described herein is the synthesis of PCTFE films surface-grafted with
polystyrene. Alkyl lithium reagents react cleanly and surface-selectively with PCTFE
films 13 - 14
,
and the extension of this chemistry to polymeric lithium reagents offers a
logical approach to the synthesis of sharply and molecularly defined polymer-polymer
interfaces. It is this strategy which is investigated in the work described here.
Polystyrene was chosen because it can be anionically polymerized to any desired and
essentially monodisperse molecular weight, and its lithium anion is stable indefinitely in
a range of solvents.
The literature reports grafting of polystyryl lithium (PS') to a range of surfaces
including wood60
,
mica61
,
glass61 >62 -63
,
salt crystals64 '65 -66
,
carbon black67
,
and soft
tissue68 . It has also been grafted to a number of organic polymers in solution; these
polymers generally contain halogens or carbonyls as electrophiles69 '70 '71 '72 -73 '74 '75 '76 .
There are, however, no reports of grafting PS" to solid organic polymer surfaces; the
research reported here represents the first such attempt.
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It is reasonable, however, to expect the rigidity of the PCTFE surface to be
modified by the grafting of polymer where no such effect results from the addition of
small molecules, and this is the case. With polystyrene as the grafted polymer, solvent,
temperature, extent of grafting and PS molecular weight have large effects on the
degree of surface mobility. Results range from reorganization of the film surfaces to
dissolution of the resulting graft copolymer. The contribution of each of these variables
to surface dynamics is the focus of the research described here. It represents a first step
in the strategy for synthesizing model polymer-polymer interfaces through surface
grafting. Only by understanding the factors leading to surface reorganization can it be
suppressed and a sharp interface maintained.
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CHAPTER 5
EXPERIMENTAL
Materials Handling
Due to the sensitivity of alkyl anions to water, all solvents and reagents used in
polystyrene polymerization, and its subsequent endcapping and addition to PCTFE
films, were rigorously dried, and all manipulations were performed in an atmosphere of
pre-purified nitrogen. Solvents and reagents were stored, and reactions run, in
standard Schlenk-type glassware. Liquids were transferred by syringe or cannula with
positive nitrogen pressure.
Materials: Sources and Purification
Of the solvents used, THF, toluene, benzene, methanol, methylene chloride,
and hexane were obtained from Fisher Scientific and HMPA was obtained from Aldrich
Chemical Company. THF and toluene were distilled from Na/benzophenone. Benzene
and hexane were distilled from CaH2- HMPA was dried over CaH2 and distilled at 10
mm Hg. Methanol and methylene chloride were used as recieved.
Of the monomers used, styrene was obtained from Aldrich Chemical Company
and butadiene was obtained from Matheson. Styrene was dried over CaH2, distilled
trap-to-trap and stored in a dessicator in the freezer (-7 °C). Butadiene was dried over
CaH2 (at -23 °C in a carbontetrachloride and dry ice slush bath) and distilled trap-to-
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trap. A 0.35M stock solution of butadiene in THF was prepared and stored at -7 «c in
a freezer.
sec-Butyl lithium (i„itiaily 1.3M in eyc.ohexane), 4-biphenylmethanol and 1 2-
Crown-4, were obtained from Aldrich Chemieal Company, and used as received. The
sec-butyllithium was stored in a dessicator in the freezer (-7 °C), and the 4-biphenyl
methanol was stored in a dessicator on the bench.
The Poly(chlorotrifluoroethylene) (PCTFE) films were obtained from Allied
Chemieal Company, trade named: ACLAR 33C. They were 5 mil in thickness and cut
into 1 x 2 cm strips. Before use, they were extracted for 30 min. in refluxing
methylene chloride, then dried at 25 °C and 0.5 millitorr to constant weight (about 1
week).
Of the reagents used in the attempted vinyl azobenzene synthesis, p -amino
styrene was obtained from Alfa Products Division of Morton Thiokol, Inc., p -
nitrotoluene and azobenzene were obtained from Aldrich Chemical Company, and
sodium nitrate and iron filings were obtained from Fisher Scientific. All were used as
recieved.
Measurements
UV analyses were performed on a Perkin Elmer Lambda 3A UV/Vis
Spectrophotometer and R100A Recorder.
Gravimetric analyses were obtained using a Cahn 29 Electrobalance.
ESCA spectra were obtained using a Perkin Elmer Phi 5100 ESCA System.
Contact angle measurements were obtained with a Rame-Hart optical bench
contact angle goniometer. The probe fluid was distilled water.
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ATR-IR and transmission IR spectra were recorded on an IBM FTIR at 4 cm l
resolution and a Perkin Elmer 283 dispersive spectrophotometer. ATR spectra were
obtained with a variable angle micro-ATR accessory. The internal reflection elements
were KRS-5 and germanium crystals, 10 x 5 x 1 mm, with entrance angles of 45<>.
Molecular weight determinations were obtained by gel permeation
chromatagraphy using Polymer Laboratories PL gel columns (10* 103, and 102 A), a
Rainin Rabbit pump, a Knauer 98 refractive index detector and toluene as the mobile
phase. GPC data accumulation and analyses were performed using Interactive
Microwave GPC software, an Apple He computer, and calibration by polystyrene
standards.
Experimental
Reactions on PCTFE Films
To enable the preparation of polystyrene polymers of desired molecular
weights, the molarity of the sec-butyl lithium solution was measured periodically by
titration with 4-biphenylmethanol 1
.
In a typical reaction between butadiene-endcapped polystyryl anion PSB" (DP
50) and PCTFE in THF, the polystyryl anion is first generated as follows: 1.5 mL
(12.5 mmol.) styrene and 70 mL THF are added via syringe to a N2-purged Schlenk-
type flask and cooled to -78 °C in a dry ice/acetone slush bath. To this is added, by
syringe, 0.25 mmol. sec-butyl lithium (e.g. 0.25 mL of a 1.0M solution in
cyclohexane) with vigorous shaking to effect thorough mixing. A bright orange
solution results; the chromophore being the polystyryl anion. The solution is
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maintained at
-78 oc until all styrene is consumed as determined by GC of solution
aliquots; typically overnight. Then 0.8 mL (0.28 mmol.) of a 0.35 M solution of
butadiene in THF is added via syringe and the reaction mixture shaken vigorously. The
quantitative conversion of polystyryl anion to butenyl anion is evidenced by the
dissappearance of the orange color. The solution is brought to the desired temperature
and then cannula-transferred into a N2-purged Schlenk-type flask containing a tared 1 x
2 cm PCTFE film, also temperature-equilibrated. At the end of the desired reaction
time, the unreacted anions are quenched by the addition of a few drops of ethanol. The
reaction solution is then removed from the flask via cannula. Ungrafted PSB, salts and
reaction by-products are rinsed from the films by adding 20-30 mL portions of fresh
solvent to the flask, shaking vigorously, and then removing them, again by cannula.
The following sequence of solvent rinses were used: 5 rinses with toluene, 5 rinses
with methanol, and 5 rinses with hexane. (THF was not used as a rinse solvent after
it was found to dissolve the grafted film surface. Toluene is a good solvent for
polystyrene, methanol for the salts, and the final hexane rinse removed the higher
boiling methanol and aided in film drying). The films were dried at 25 °C and 0.5
millitorr to constant weight (about 1 week).
With all reactions, a control was run simultaneously: The tared control film
was treated with the same solvent mixtures at the same temperatures and for equal
amounts of time, and was subjected to the same solvent rinses. After drying, films
treated in this way were consistantly within 3 (J.g of their initial weight.
Reactions of PCTFE films with polystyryl lithium were performed the same
except for omitting the butadiene addition.
Reactions in benzene and HMPA were performed the same except that the
polymerization temperature was maintained at 4 °C in a refrigerator.
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For reactions in mixed solvents the PSB" was generated in the THF or benzene
portion, as described above, and then diluted to the proper solvent ratio and PSB"
concentration with the second solvent before addition to the film.
To prepare a large enough quantity of THF-soluble polystyrene-grafted PCTFE
for analysis, a 4 x 10 cm film was treated with 100 mL of a 67/33 hexanemff
mixture, prepared as described above, a. 27 °C for two days. Following the
toluene/methanol/hexane rinse sequence the film was extracted (Soxlet) with THF
overnight. The soluble copolymer was isolated by removing the THF under reduced
pressure.
reaction
Determination of Solvent Swelling of PCTFE Films
To determine the relative degree to which various solvents were absorbed by
PCTFE, 1 x 2 cm films of PCTFE were first tared, then soaked in solvent for 1 hour,
and then dried under a stream of dry N2 for 5 min and reweighed. The results were
recorded as a % weight gain. Experiments were performed in triplicate for each
solvent; reproducability was within 0.002 % weight gain. An exception to the above
described procedure was with the solvent HMPA. Excess HMPA which adhered to
film surfaces was not removed under a N2 stream due to its lack of volatility. These
films were therefore rinsed with 3 portions of benzene before drying with N2 .
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Attempted Synthesis of Vinyl-Substituted Azobenzenes
Several attempts were made to synthesize azobenzene derivatives of the general
formula:
The first approach involved the conversion ofpara-ammo styrene to it diazonium salt,
and then coupling this with aniline to form the azo compound shown above with R =
H. In this procedure (PP-IV-47, 53) 4.2 mL (50.4 mmol.) cone. HC1 was added, with
stirring, to 2 mL (16.8 mmol.) p- aminostyrene cooled with 23 g ice. To this was
added, with vigorous stirring, 1.2 g NaN03 dissolved in 2.4 mL distilled water until
starch-iodine paper showed the presence of HONO. The temperature was maintained at
0 °C with ice. Aniline (1.52 mL, 16.8 mmol.) was dissolved in 1 1 g ice water. To
this was added the diazonium solution, dropwise, with stirring. The temperature was
maintained below 10 °C with ice and stirring was continued for 4 hours; the reaction
mixture was left in a refrigerater (4 °C) overnight. The mixture was brought to pH 7
with NaC03 dissolved in water. The product was separated by filtration and dried
under vacuum (0.5 millitorr) overnight. It was then extracted into 400 mL benzene in a
Soxlet extracter for 2 hours, and then the benzene was removed on a rotary evaporator.
On AI2O3 TLC plates, no solvent was found which would elute and resolve all
components of the reaction mixture. IR spectra of products eluted on SiC>2 columns
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showed the presence of hydroxyl, ether, and carbonyl components not observed in the
crude mixture, suggesting decomposition reactions occurring in the column.
An alternative approach was to form the azo compound from para-aminotoluene
(rather than styrene) and aniline, and then brominate the methyl group and carry out a
Wittig condensation with formaldehyde to form the vinyl group. In this procedure (PP-
IV-49) 10 g (73 mmol.) p-nitrotoluene, 12 g (200 mmol.) iron filings and 30 mL 50
/50 (w/w) ethanol/ water were placed in a 100 mL 3 neck round bottom flask fitted with
condenser, mechanical stirrer, and dropping funnel. The mixture was heated to reflux,
with stirring, in a water bath. A solution of 0.8 mL (9 mmol.) cone. HCL and 8 mL
50% ethanol/water, was added slowly though the dropping funnel. The mixture was
refluxed 2 hours, and then neutralized while still hot, with 506 mg (9 mmol.) KOH as a
1 5% solution in ethanol. Still hot, the iron filings were filtered off and washed with
95% ethanol. To the combined filtrate and ethanol washes was added 12.2 mL of 6 N
H2SO4 (73.2 mmol.) to precipitate the sulfate of aminotoluene. The mixture was
cooled to 25 °C, filtered, washed with ethanol and dried at 1 10 °C. Yield was less than
5%; and because this was a starting material in the proposed synthesis (which involved
its azo- coupling with aniline, the two step conversion of the methyl group to a
triphenyl phosphonium salt, and then its Wittig coupling with formaldehyde to yield the
vinyl azobenzene product),this route was not further pursued.
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CHAPTER 6
RESULTS AND DISCUSSION
When PCTFE films are treated with (0.02 M) solutions of PS- Li in THF at
-78 oc the films darken in color and lose weight {PP-N-U - 591). ^ chemistry is
nominally described in Scheme 1112,3
tfi F C1
/F
-FLi FO R ,Li
>=< < n—y
W//M W/M
R , , , V//S//7/,
RLi
Scheme III
The Reaction of Alky 1 Lithium with the Surface of Poly(chlorotrifuoroethylene) Films.
The color formation and weight loss progress with reaction time at rates which vary
with reaction temperature, PS - Li concentration and PS molecular weight. Some
samples lost as much as 33% of their initial weight and were black and extremely
brittle. These results were surprising in light of the fact that the same films, when
reacted with low molecular weight alkyl lithium reagents, gain weight and develop so
little color that it is barely discernible by eye4 (PP-fV-10). Most of the low molecular
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weight reagents used in these reactions have been primary an.ons. I, is reasonabie to
expect that steric constrain* for the reaction of a secondary benzylic anion with a
surface are greater than for primary anions, and that the relative energetics of various
reaction pathways differ. More effective competition of elimination reactions with
addition reactions could explain the observed color formation: conjugated unsaturate,
sufficiently extended, absorbs visible light.
Endcapping the polystyryl anion with butadiene (converting the reagent to a
primary anion) before reaction with the films does, in fact, suppress this color
formation. Figure 14 shows the UV - Vis. spectra of PCTFE films reacted with PS" Li
and butadiene-endcapped PS" (PSB") Li (PP-IV-59 - 62). Other than the nature of the
anion, all other aspects of the reactions were identical. The intense absorption at 200
nm, and the less intense band centered at 255 nm are characteristic of polystyrene.
(The fine structure of the 255 nm band results from vibrational transitions associated
with the aromatic n ->k* transition.) The similar areas under the 255 nm peak indicates
similar amounts of polystyrene on the two films. The broad absorbance rising from
higher wavelengths down through the ultraviolet region, upon which the aromatic
bands are superimposed, is consistent with a distribution of unsaturated bonds in
conjugation. Lambda max for n double bonds in conjugation are 223, 273, 319, and
361 cm" 1 for n = 2, 3, 4, and 5 respectively. That this broad absorbance results from
elimination reactions is not an unreasonable conclusion; but regardless of its source,
endcapping PS - with butadiene (PSB") suppresses its occurrence. The results depicted
in Figure 14 are general: all films reacted with PS"
,
regardless of PS" DP, anion
concentration, or temperature, display this broad absortion of greater intensity than
films reacted with PSB" under the same conditions, except at very early reaction times.
Figure 15 is a plot of the increase in absorbence at 310 nm with time for
reaction of PCTFE films with PS" and PSB" of DP= 50 (PP-IV-59 ) . The wavelenth
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Figure 14. UV-Vis spectra of PCTFE films reacted with PS" and PSB", DP approx.
50.
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Figure 15. The change in absorbance at 310 nm with time for PCTFE films reacted
with 0.004M PS" and PSB", (DP approx. 50, temperature 27 °C).
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of 310 nm was chosen arbimarily save for its indication of extent of reaction^) other
than addition of polystyrene. With PSB- as the reagent, the extent of these side
reactions reaches a limiting value, while with PS" they increase indefinitely. For this
reason, all subsequent experiments were performed using the butadiene-capped amnion.
Reactions in THF
With THF as the solvent, the reaction between PSB- and PCTFE film surfaces
proceeds indefinately (PP-IV-41 - 43, 59 - 63, 67, 71 - 78, 81-85,91 - 99, 105 -
107). Unlike reactions between these films and low molecular weight lithium
reagents* a limiting amount of reagent addition and surface penetration is not attained.
When PCTFE films are treated with 0.004 M solutions of 50 DP5 PSB- in THF at
27 oC, the films initially gain weight and an increasing amount of polystyrene on the
films can be observed by UV (Figure 16). ESCA spectra of these films show the
surfaces to be composed mostly of carbon (hydrogen is not be detected by ESCA).
Unreacted PCTFE films contain, by number, 33% carbon, 50% fluorine and 17%
chlorine. Figure 17 shows the ESCA spectra of unreacted and PSB-
-modified films.
The loss of fluorine from film surfaces with reaction can be seen in the decrease of the
686 eV peak, and the increase in % carbon is seen in the increase in the peak near 300
eV. Figure 18 is an enlargement of the carbon photoelectron region. The shift in
binding energy from 299 eV to 289 eV with reaction results from the lower binding
energy of electrons of carbon bound to carbon and hydrogen rather than to fluorine and
chlorine.
Contact angle measurements of the reacted films approximate those of
polystyrene (Table 3, PP-VI-47). When modified films are wet with THF, and then
dried in contact with each other, they adhere. No adhesion results from treating
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Figure 16. UV spectra of PCTFE films reacted with 0.004 M PSB" (DP approx. 50,
temperature 27 °C) for various lengths of time.
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gure 17. ESCA spectra of PCTFE films before and after reaction with PSB
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Figure 18. ESCA spectra, in the carbon Is photoelectron region, of PCTFE films
before and after reaction with PSB".
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Table 3
Contact Angle Measurements
©A a 0Rb
PCTFE 100c
PS 97(1
PS-modified-
PCTFE 97c
63c
34d
39d
a: Refers to the internal angle between a water droplet and the film
surface as the droplet advances across the surface.
b: Refers to the internal angle between a water droplet and the film
surface as the droplet receeds.
c: Precise within 2 degrees.
d: Precise within 3 degrees.
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unreacted films in the same way (PP-IV-16). All samples gained a maximum of about
0.05 mg / cm2 film surface area. Disregarding the proportionately small weight loss
due to elimination reactions, this corresponds to the addition of a polystyrene film of
thickness 5000 A, at least an order of magnitude greater than would be expected for a
monolayer of PS added to the film surfaces.
With further reaction, the films begin to lose weight and continue to lose weight
indefinitely as long as the PSB- is present. Figure 19 is a plot of the change in film
weight with time. In some experiments films lost as much as 67% of their initial
weight. This magnitude of weight loss is too great to be attributed soley to elimination
reactions. The magnitude of the 255 nm band in the UV spectra of these films,
indicative of the amount of polystyrene, continues to increase for a time while the
weight of the films decreases, reaching a limiting value after several hours. At long
reaction times this band becomes broad and ill-defined (see figure 16). ESCA spectra
of all these samples are esentially identical.
The above results suggest the dissolution of PCTFE polymer from the films
during the course of the reaction. While THF is a nonsolvent for PCTFE, it is a
"good" solvent for polystyrene. It is not unreasonable to expect grafting of polystyrene
onto PCTFE to increase its solubility in THF. Isolating this suspected copolymer from
the reaction mixture is not possible due to the huge excess of PSB- used (on the order
of 104 anions per theoretical reaction site based on 2-dimensional film surfaces, PP-IV-
1 9), but if the reaction were performed in a "poor", or theta, solvent for polystyrene
and nonsolvent for PCTFE, copolymer might then be extracted into neat THF and
isolated. A graft copolymer, of given composition, would be expected to be less
soluble in this "poor" solvent than in THF. Some graft copolymers, insoluble in the
mixed solvent, should be solubilized by the THF extraction and isolable for
characterization.
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Figure 19. Change in weight with time of PCTFE films reacted with 0.004 M PSB"
(DP approx. 50) at 27 °C in THF.
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Following this strategy, the grafting reaction was performed in a 33:67 mixture
of THF and hexane at 25 oC for 2 days with PSB" of 6000 molecular weight (PP-IV-
111). The film was then extracted with this solvent to remove unreacted PSB-
. then
extracted with neat THF. A 0.8 mg residue was isolated from the THF extract. UV
analysis of this material in THF showed the presence of aromatics (absorption bands
centered at 200 nm, and at 255 nm exhibiting characteristic fine structure). A film of
this material cast on a glass slide was analyzed by ESCA which showed its composition
to be 98.7% carbon and 2.3% fluorine, by number (again, hydrogen is not detected by
ESCA). By gel permeation chromatography this material eluted with a retention
volume characteristic of 390,000 molecular weight polystyrene. The molecular weight
of the PSB reagent was determined, by GPC, to be 6,000. These results are consistent
with a THF-soluble PCTFE-PS graft copolymer: Its polystyrene component is seen by
UV, but its molecular weight is 2 orders of magnitude higher than the polystyrene
reagent, and the presence of fluorine is detected by ESCA. (The UV and ESCA
spectra, and gel permeation chromatographs referred to here are figures 4-A, 5-A, and
6-A in the Appendix, pp. 111-113).
The sum of the above results suggests a progression of events depicted in
Scheme IV. As PS is added to the surface of PCTFE films, mobility of the polymer
chains at the film surface progressively increases. Sub-surface chains are then made
available for reaction, and this region, in turn, is imparted increased mobility. At the
same time, some of the PCTFE chains become so highly PS-grafted that they become
soluble and are dissolved. In this way PCTFE film surfaces are progressively etched
away, and the film remaining is highly PS-modified well below its surface.
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Scheme IV
A Progression of Molecular Events Occuring as a Result of the Addition of a Polyanion
to Film Surfaces in the Prescence of Solvent.
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Varying the concentration of PSB' in solution affects the kinetics but not the
outcome of the reaction, as illustrated in Figure 20 (PP-IV-93, 97 ). Anion
concentrations were varied over 3 orders of magnitude. The sensitivity of reaction rate
to anion concentration is an indication of the Itigh mobility of the surface region of the
film during grafting, and of the 3-dimensionality of the reaction zone. Reactions on a
rigid 2-dimensional surface are generally zero ordeiA
The effect of reaction temperature is also apparently entirely kinetic (Figure 21,
PP-IV-43, 63, 71, 95). It might be supposed that lower temperatures would decrease
the solubility of the graft copolymer, and higher film weight gains might be observed.
On the other hand lower temperatures might be expected to reduce chain mobility in the
film and reduce reaction depths. What is observed is that in reactions at both 27 oC
and
-78 °C the films gain a maximum of about 0.05 mg/cm2 and then begin losing
weight. Whether both or neither of the above mentioned phenomena are operative is
unknown.
The rate of film weight gain does not correlate with the molecular weight of
PSB- {PP-IV-101
, 105), suggesting that solution viscosity and surface sterics hinder
the addition of higher molecular weight anions. Varying polystyrene molecular weight
over 4 orders of magnitude (DP's 6, 45, 470, and 3800) does not effect the ultimate
weight gain of the films. This result implies that solubilization of PCTFE requires a
limiting weight percent of PS grafted to it, regardless of the number of PS chains or
their chain lengths.
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Figure 20. Effect of PSB" concentration on the rate of weight change of PCTFE
films reacted with PSB' (DP approx. 50) at 27° C in THF. The curve for 0.004M
reactions was generated from the averages of 18 reactions.
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Figure 21. Effect of reaction temperature on the rate of weight change of PCTFE
films reacted with PSB" (DP approx. 50, [PSB" ] = 0.004 M) in THF. The curve for
27 °C reactions was generated from the averages of 18 reactions.
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Solvent F.ffertg
As discussed previously the solubility of the graft copolymer can be reduced
through choice of solvent. If, as might be expected, the mobility of the modified
surface can also be reduced, the grafting of PS onto the film might be limited to its
surface.
Figure 22 shows the change in film weight with time for the reaction of PSB"
(0.004 M, DP 503, at 27 oC) with PCTFE films in various solvents and solvent
mixtures (PP-IV-67
- 69, 73, 77 - 97, 83 - 88). Unlike reactions in THF where
maximum weight gains are achieved within minutes, reactions in other solvents proceed
much more slowly; some still gaining weight after 2 days. HMPA is the only
exception.
In all solvents weight gain by the films is rapid within the first couple of
minutes of the reaction. After this, weight gain is slow (barely discernable on this time
scale for some solvents). The magnitude of the initial weight gain reflects the
accessability of a "surface region" to the polymer reagent. Table 4 indicates the amount
of each solvent adsorbed by PCTFE films in 1 hr, and reflects the relative solvent-
polymer affinities (PP-IV-85). The solvent molecules plasticize the films, and increase
segment mobility. The accessability of sub-surface PCTFE molecules for reaction with
PSB", imparted by each solvent, is reflected in the relative initial weight gain of films.
The order of relative initial weight gains (Figure 22) in each solvent, and of relative
amount of solvent absorbed by the films (Table 4) is identical, with the exception,
again, of HMPA.
Initially, then, reaction depth (reflected in film weight gains) is governed by
solvent-film interactions. At reaction times beyond this, however, the affinity of the
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Figure 22. Effect of reaction solvent on the rate of weight change of PCTFE films
reacted with PSB" (DP approx. 50, [PSB" ] = 0.004 M, temperature 27 °C). The
curve for THF reactions was generated from the averages of 1 8 reactions.
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Table 4
Relative Amounts of Absorption of Solvents by Poly(chlorotrifluoroethylene) Films.
So,vent % Weight Gain of Film*
THF
0.27
THF/hexane
33/67 0.19
THF/benzene
75/25 0.10
THF/benzene
50/50 0.06
benzene 0.014
HMPA 0.008
benzene/hexane
35/65 0.00
* The procedure by which these numbers were obtained can be found in the
experimental section, Chapter 5.
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solvent for the copolymer contributes progressively to the course of the reaction. A
33:67 mixture of THF and hexane has a greater affinity for PCTFE than does a 75-25
mixture of THF and benzene (in Table 4 it can be seen that the films absorb almost
twice the amount of the former relative to the latter in 1 hr), and films reacted in the
THRhexane mixture gain about twice the weight of films reacted in the THF:benzene
mixture, in the initial few minutes of reaction. Beyond this time, however, films in the
THRbenzene reaction continue to gain weight, and at a higher rate than those in
THRhexane. Benzene and THF are both good solvents for PS, as are all combinations
of the two, while the THRhexane mixture is a poor one. As the film surfaces become
more polystyrene-like, they are more swollen and plasticized by THRbenzene than
THRhexane, and sub-surface reaction sites are made available more rapidly in the
former solvent than in the latter.
After 2 days, films reacted in THRhexane are still increasing in weight, while a
marked decrease in film weight is seen between the 1 day and 2 day reactions in
THF:benzene. When sufficient PS is grafted onto PCTFE, it is dissolved by
THF:benzene, but THF:hexane is a poor, and a non-solvent for the two
homopolymers, and so, not surprisingly a very poor solvent for copolymers of the
two.
Because benzene interacts little with the PCTFE, the addition of PSB" to the
films in this solvent is very slow (Table 4, Figure 22). ESCA, however, indicates that
the film surfaces are by no means immobile. Table 5 shows the percent carbon within
the (approx. 40 A) ESCA sampling depth of films modified with PSB" at 1 hr and 24
hr reaction times, and with PSB" DP varying over 4 orders of magnitude (PP-IV-105).
While weight gains at 24 hrs are more than triple those at 1 hr., in every case the
percent carbon has decreased. This can only be explained by a molecular
reorganization of the film surfaces. As the PS surface content increases, so does its
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Table 5
Surface Carbon Content by ESCA Assay; PCTFE + PSB in Benzene
PS DP Reaction Time Weight Gain % c(hours) (mg)
1
.017
24
.059
32*
i
470* 1
.016
70
51
.014 71
24
-052 68
34
24
.084 32
4500* 1
.012 30
24 .142 28
* [PS-B-] = .006 M
# [PS-B-] = .003 M
A [PS-B-] = .0005 M
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affinity for the solvent, benzene. Solvent-induced mobility allows PS to be buried
under PCTFE, probably during drying when the interfaeial environment is highly
nonpolar.
Scheme IV (page 94) summarizes the progress of events occuring during the
addition of PSB- to surfaces of PCTFE. Reactions initially occur within a surface
layer of depth defined by the solvents' ability to mobilize the PCTFE chains. With
increased PS content the film surface region becomes more highly swollen and mobile.
This is enevitable since the solvents used must be solvents for polystyrene. Increasing
amounts of PCTFE are exposed for reaction with PSB- and this increases indefinitely.
At high enough extents of grafting one of two courses ensue. If the PCTFE can be
made soluble in the reaction solvent by high enough PS grafting, copolymers
eventually dissolve, and continue to dissolve as the polymers under them become more
highly grafted. A nonsolvent for the copolymer can nontheless facilitate surface
reorganization and exposure of new PCTFE chains for reaction.
Polarity Effects
Solvent polarity seems to manifest itself mostly in the rate and extent of the
elimination reaction. Comparison of the UV spectra of films reacted in benzene, THF
and HMPA, with dielectric constants of 2.3, 7.6 and 30, respectively7 , all display a
broad absorbance across the spectra increasing with decreasing wavelength, upon
which the aromatic absorbances are superimposed (see Figure 23). This is most likely
due to conjugated unsaturation of varying chain length resulting from elimination
reactions. With benzene as the solvent, this absorbance contributes little to the films'
spectra, while with HMPA as the solvent it dominates the spectra, even at very early
reaction times, and all but obscures the bands due to PS addition. Films reacted in
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Figure 23. UV spectra of PCTFE films reacted with 0.004 M PSB" (DP approx. 50)
in benzene, THF, and HMPA, at 27 °C, for varying lengths of times.
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™F show an intermediate amount of this absorption, and these results correlate with
he order of solvent polarity. A reasonable conelusion is that the ellinainadon reacdons
tnvolve a polar transition state which is stabilized by polar solvents.
Effect of Anion Apprepzunn
Anion aggregation differs in different solvents. For example, anions b.nd their
counterions more tightly in benzene than in THF*. To make certain that aggregation
was no, responsible for the different rates of addition of PSB" to fdm surfaces in the
two solvents, reaction kinetics in benzene with and without 12-Crown-4 were
measured (ttW-79). Figure 24 shows the results. The rate of weight gain by the
films in the two reactions is identical, ruling out aggregation effects as being important.
Photoprohe-RpbtpH Reactions
Given a sharp interface between two dissimilar polymers, it would be
interesting to probe its morphology. The strategy presented in the onset of this
discussion was for the synthesis of model polymer-polymer interfaces, and, had
molecular mobility been suppressed, would have allowed the placement of a molecular
probe at the molecular interface. To this end several attempts were made to synthesize
azobenzene-modified styrenes. These, endcapped onto PS' and then reacted with
PCTFE surfaces, would place a photoisomerizable probe for "free volume" at the
molecular interface between polystyrene and PCTFE. The rate at which these I
azobenzenes photoisomerize is very sensitive to the free volume available to
them^O.H.^.B For example, Tg's have been determined from rates of
photoisomerizations because they follow WLF behavior8 .
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Figure 24. Effect of 12-Crown-4 on the rate of weight change of PCTFE films
reacted with 0.004 M PSB" (DP approx. 50) in benzene at 27 °C.
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Two attempted syntheses of these were carried out, and are described in the
Experimental section, Chapter 5 (PP-IV-47, 49, 53 ). The effort was aborted when the
very broad, diffuse, and ill-defined nature of the interfadal reglon of the PS-modified
PCTFE films became evident. Any information gained from rates of
photoisomerizations of these probes would be difficult to interpret.
Moreover, one experiment suggested that the azo group is not inert to anions
(PP-IV-51). When azobenzene is added to a polystyrene polymerization in progress (6
equiv. azobenzene based on anion concentration), the color of the solution deepens, the
rate of styrene consumption slows, and upon quenching with ethanol a deep blue color
results. Upon quenching PS" alone the solution becomes colorless, and no color forms
upon adding ethanol to an azobenzeneAHF solution.
Conclusions
Sharply defined polymer-polymer interfaces were not attained by any of the
routes described here. Yet conclusions about the appropriate conditions neccessary for
preparing such interfaces can now be drawn: Reaction times should be limited to that
very brief interval within which reaction sites available are controlled by the
solvent/film interactions alone. The choice solvent would just solvate the polymer
reagent, preferably poorly, and would just wet, and not penetrate, the polymer
substrate. Low temperatures and anion concentrations would permit tighter control.
The choice substrate and graft polymers would have low molecular mobility under use
conditions. To prevent thermodynamically driven reorganizations during solvent
removal (a time when sufficient mobility to facilitate reorganization may be supplied by
the solvent) conditions of proper polarity should be maintained. For example, to
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maintain a polar surface the film cou,d be dried in contact with some porous polar
material.
The implications of the experimental results of this research impact on all
polymer surface grafting, and conclusions can be drawn about polymeric materials
surface-modified by the grafting on of a second polymer. In these modified materials
the polymer molecules at the original surface can not be appropriady thought of as
merely anchor points for the grafted polymers onto the substrate. They are true graft
copolymers with chemical and physical properties specific to them alone. They do not
maintain the solubility or mobility properties of their parent polymers, and must be
considered individually according to their relative compositions.
And, too, the thermodynamics of these systems must be respected. Given
means, systems will attain their minimal energy; and preventing reorganizations at
grafted polymer interfaces requires a clear understanding of the chemical and physical
properties of all the components of the system.
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Figure 1-A lH NMR of Cyclobutene (with some dibromo-adduct).
Figure 2-A. IR spectrum of polycyclohexene neat on NaCI salt plates.
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Figure 3-A. *H NMR spectra of polynorbornene (lower spectra) and
poly(cyclohexane-co-norbornene) (upper spectra) in CDCI3. Chemical shifts are
relative toTMS.
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Figure 4-A. UV spectrum of PS-PCTFE graft copolymer.
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Figure 5-A. ESCA spectrum of PS-PCTFE graft copolymer.
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Figure 6-A. Gel permeation chromatogram of PSB" homopolymer (6,000 MW), and
its graft copolymer with PCTFE which elutes with polystyrene standard
of 360,000 MW.
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